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ABSTRACT

2. MATERIALS ENGINEERING

Partial Molar Properti f Magnesi Base Thermal Ener
Storage Materials,

This study was undertaken to provide information on TES materials with
lérge heats of fusion where adjustment of melting temperature would be
useful. A primary goal was the development of a galvanic cell method

to permit rapid and convenient measurement on several alloys in one
experiment. Partial molar thermodynamic properties so derived are to

be evaluated in a standard computational procedure to yield the heat of
fusion as well as a measure of chemical reactivity; The high temperature
cell and electrodes have been thoroughly checked and successfully
operated with the alloy system Mg-Al, which exhibited negative deviation

from ideal behavior, as expected,

2.2 Phase Diagrams of the Systems MgF

9~ M_qO_,_Mng - CaO

Work on determining the temperature-constitution diagrams of mixtures
of compounds with high heat of fusion was begun in order to assess the
possibility of melting temperature control for TES materials., Sample
preparatiori procedures for the differential thermal analysis equipment
were developed and the magnesium fluoride rich regions of the MgF -

2
-MgO and MgF,-CaO systems were studied as well as a start made

2

on the Mg1='2--.1-\1203 system., Simple eutectics were formed in all cases:
0.085 mol fraction MgO, 1220 ¢ ZOC: 0.075 mol fraction CaOQ, 120822°C;
approximately 4.5 weight percent A1203 , 125000.

2.3 Transient Measurement of Thermal Diffusivity of Refractory Materials
at High Temperature . .

The pressing need for systems design engineering data on thermal trans-
port properties of TES materials at high temperature prompted this work.,

A precise measurement technique which lyields apparent thermal diffusivity
of solid phase TES materials has been designed for operation at temper-
atures greater than 2000°C. This technique can be adopted to separate



the photon and phonon contribution to thermal transport, provided the
material to be tested can be controlled in terms of its purity, grain
size, crystal structure and porosity. The chief problem with existing
methods lies in the difficulty of matching actual temperatures with
mathematical boundary value requirements. The present method employs
a feedback system to control surface temperature according to a pre-
determined time sequence. Fundamentally, the time lag between the
temperatures at the surface and center will be monitored for a constant
rate of surface temperature rise. The mathematical treatment has been
fully developed and successfully tested experimentally, and the vacuum

high-temperature furnace and control system are in final stages of building.

3. PLASMA ENGINEERING

3.1 Emitter Surface Physics of Plasma Diodes

The principal objective of this work is the calculation of the surface
charge distribution at a metal-vapor interface. This surface charge
distribution will be predicted as a function of the crystallographic
structure of the substrate, the number of adsorbed particles, and the
fraction of charge associated with the ionic and covalent bonding between
the adsorbed particles and the substrate., The solution of this problem

is proceeding by using of the statistical methods commonly employed in
many body problems. '

Several problems of considerable importance to plasma thermionics
were investigated in the course of formulation of the above problem
with the following findings:

1, Clarification of the concept of a work function. Thermionic
researchers have introduced a number of different types of
work functions. The significances and interrelationships
between these various "work functions” have been studied
and clarified. This study has lead to a new definition of the
classical concept of a Richardson plot for thermionic emission

in a gaseous environment,




s,

2. Development of a new macroscopic model of electron

emission from a metal in a gaseous environment has

been developed. This theory, which requires no adjust-

able constant, includes the concepts of the state of

maximum activity and its relationship to the Richardson

work function. Electron emission S curves have been

calculated on the basis of this model for a cesium-tungsten

system. These results show excellent agreement (over

more than seven orders of magnitude of the cesium arrival

rate) with the experiments of Houston and Langmuir and

Kingdon.
Preliminary parts of these results are presented in the Institute
publication INDEC-12, Details will be published in a forthcoming
paper,
3.2 Emitter Sheath Polarity in Plasma Diodes
The purpose of this research was to develop criteria for specification
of the polarity (sign) of the emitter sheath in a broad-spaced plasma
diode, General criteria that are applicable for all plasma diode spacings
have been developed. It has been shown that these general criteria
reduce to those criteria presently in common use only for a collisionless
plasma diode (electron current/ion current § 491 implies + emitter sheath).
For a broad-spaced collision-dominated plasma diode, a phenomenological
macroscopic model has been used to show that the ratio of the electron
emission current to the ion emission current does not uniquely determine
the polarity of the emitter sheath. The ned volume ionization and/or
recombination and the electron plasma temperature have also been shown
to be important. No specific mechanism for volume ionization was
assumed; both the net volume ionization and the electron temperature

were treated as unknown parameters.,

This research is important to an understanding of the operational char~-
acteristics of a plasma thermionic converter. It is of particular impor-
tance in understanding the characteristics of the passive mode -

ignited mode transition. Complete results and details of this research

are presented in Institute publications INDEC~-11 and INDEC~-13,



3.3 Investigation of Na-K Seeded Argon Plasma

The objective of this research is to measure non-equilibrium

ionization and its effects in an alkali-metal (Na-K) seeded argon o
plasma (1 atm. pressure, .04-,36 wt. per cent K). The non-equilibrium
ionization is generated by an externally produced electric field.
Spectrophotometric measurements are being employed to determine

local electron and atom=~-ion spatial temperature distributions. These
spectrophotometric measurements, electrical measurements, and |
separate measurements of the pressure and chemical composition of the
plasma will be used to calculate the local values of electrical and

thermal conductivities.

Checkout of the experimental system is near completion. Improvements
in the design of the system have been made as a result of problems

encountered during checkout,

4, ELECTROCHEMICAL ENGINEERING

4,1 Transient Concentration Variation in Natural Convection Electrolysis
Previous efforts have been directed towards biological fuel cells,
Studies on dehydrogenase enzyme systems such as the formic
hydrogenlyase reaction of E, coli and the lactic dehydrogenase

enzyme oxidation of lactic acid have indicated that the direct type

of cell reaction involving electron transfer at an electrode may be the

exception rather than the rule,

This work, in its overall aspect has pointed to other important
problemé which exist in the fuel cell area, Chief among these are
improvement of the oxygen (air) electrode and development of a
rational basis of porous electrode design, based on model studies,
To develope the experimental capability for probing local electrolytic
mass transport behavior in small model pores, an analysis of the
concentration transient (to be related to overpotential) at a planar
electrode, following a step in current, has been performed. A means
for evaluating the local mass transport boundary layer thickness will
follow from the combined analysis. It has been shown that the con-

centration (and thus the overpotential) transient will be independent




of ultimately induced natural convection modes up to a dimensionless
time, 7°, of at least 0.125 and possibly up to T = 0.333, where

D = diffusion coefficient, t =time, § = ultimately established
boundary layer thickness.,
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1. IHTRODUCTION

Dr. Manfred Aliman, Director



Progress to date should be measured againét the overell objectives
of the Institute which are: |
1. To be a "Teaching Institute," where graduate enginéérs
may be attracted to the broad, interdisciplinary area of
Direct Energy Conversion.
2. To provide research opportunities for the staff'and
graduate students in a multi-disciplinary. atmosphere.
3. To explore and develop new courses and curricula towards
the production of engineers who will possess the broad
understanding of the basic scienee underlying Direct

Energy Conversion, but who will be engineering motivated.

The main body of this report is directed to a discussion of our
research activities. The first section presents a one-page summary
of these activities, and the second part contains the details. The
remainder of this introduction is devoted to a discussion of the
progress which has been made in addition to the performing of

research.

At the present time, the Institute supports thirteen graduate
students at various stages of development. Of these, eight are

M.E.'s, three are Ch.E.'s, and one each from E.E. and Met.E.

The senior staff has organized along the following lines. Three
technical working grops have been formed. These are concerned

with Plasma Engineering, Electrochemical Engineering, and Materials




Engineering. Each group has staff members from the various engin-
’eering schools, post-doctoral appointees, and at least one working
member from industry. Each group takes advantage of the fact thst
several disciplines are available to formulate new research ideas,
and to conceive of new and better ways of conducting the research

and teaching functions of the Institute.

Each group is headed by an expert in the appropriate area of Direct
Energy Conversion, who is responsible for keeping up with latest
developments in the areas of interest to a particular group. This
mekes it possible tQ utilize specialists who are not necessarily
conversant with Direct Energy Conversion but who, nonetheless,

have much to contribute. Research students report their progress
to these groups periodically, and the availability of such a

critical forum has been found to be most helpful.

This is the third year since the Institute was formed. Since that
time, roughly fifty graduate students have been exposed to the
problems of Space Power and Energy Conversion. Interest among
students, continues to grow, and the staff is developing the com-
petency to work as team members, which is essential to such a broad
activity. We feel that we are over the initial growing pains, and
that we are now ready fo make significant contributions in our

chosen field of endeavor.



e Lrptiitute, as such, is an attempt to pioneer new and better
weys of verforming the teaching and research functions of a great
university in a specific interdisciplinary area. Every effort is
being made to use the Institute as an "overlay" on the existing
engineering departments rather than having it become another iso-
lated eantity, without real justification to be at a universily.
An additional aim is to serve the local industrial community in
terms of applying space oriented research towards community ends.
It was felt that the many problens vhich are inherent in our
efforts to optimize our contribution to the University, to HASA and
to industry were such that creative and novel solutions iceded Lo
be generated. In order to accomplish this and particular;y to
establish a good communications chaunel among the orgenizevions
involved, it was decided to fori1 & board of advisors to the
Institute. As presently constituted, the board coasisis of three
"{ndustrial" and three "governmea: agency'" personnel. T.:ls board
reports to Dr. Carl C. Chanbers, Vice President for Enginecering

Affeirs, University of Pennsylvania.

Representative guestions to which this board has addressed‘itself
are:

1. Vays by which the Institute may achieve diversification
of fundin:; aand support.

2. low to communicate with industry.

L4




3. How to assess the research function of the Institute with
education as 1ts primary object.

L. Tow to provide for administrative and laboratory space.

5. How to integrate Institute personnel within the existing
Engineering School structure.

6. How to obtain student fellowships from industrial organiza-

tions.

- Tt is planned to publish the resulis of these activities bccause

the problems and the considerations are general ones and their
solution at the University of Pennsylvanla may well point the way

to similar solutions elsevhere.
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2.1 Partial Molar Properties of Magnesium Base Binary

Thermal Energy Storage Systems

Dr. Geoffrey Belton; Y. Rao

Introduction

Magnesium-silicon alloys have beeu suggested as Thermal Energy
Storage materials.(l) The compound MgsS1i, with a melting point(z)
of 1102°%C and heat of fusion(2) 270 + 30 cal/gn seems particularly
attracﬁive. Recent measurements (3) of the thermal conductivity

of Mg S1i, although valid only up to 277°%, indicate further suit-
ability for TES applications. In units of ml em™2 (% )-l sec™t cm-l,
the thermal conductivity of Mg,Si was found to be 0.0186 at 27%
and 0.0L at 277%. The value for Mgo(*®) 15 0.006 at 1000%, while
purely for the sake of camparison, the value for Type 304 stainless
steel(hw near roam temperature is 0.029. The favorable thermal
conduction properties of Mg,Si suggest that increased attention be

given to similar intermetallic oampounds.

It is clearly desirable to accelerate the acquisition of heat of
fusion data for binary metal systems such as Mg-Si. The thermody-
namic relations between heat of fusion and partial molar mixing
quantities, pointed. out by Rao and Belton(S) afford the possibility
of such a rapid method, based on a galvanic cell technique. The

measurement of the partial molar free energy and entropy fram the



potential and its temperature variation for a virtual concentra-
tion cell involving a pure metal and an alloy as electrodes is

well known. The additional information concerning thermodynamic
activity of the camponents of the alloy system is of further
advantage in evaluating chemical stability of TES container
materials. Further virtues of the galvanic cell method are essen-
tilally experimental but are non-trivial. In particular, a large
number of alloys may be measured at one time in apparatus which is
of convenient size. The inherent precision of electrical measure-
ments as‘contrasted with e.g. calorimetric methods is an additional

advantage.

In preparation for galvanic cell measurements on the Mg-Si system,
the electrolyte chosen (MgClQ-CaCIQ) and overall system were checked
by a study of the Mg-Al system in the renge 700-900qC. A unique
feature of the cell is the inclusion of a reversible chlorine elec-
trode for continual checking of the condition of the pure magnesium
electrode by means of the expected constant potential difference

between the pure magnesium and chlorine electrodes.

EXPERIMENTAL

Eguinment:

Tue reslstance furnace was made by winding 0.020" diameter Pt - 10% Rh

wire on a 30" x 2" diemeter alumina tube and enclosing it in a
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transite casing filled with insulating aluminé. pouwder. This
furnace can be heated up to 1500°%C. A Wheelco model 407 tempera-
ture controller in conjunction with a silicon. controlled rectifier
ié used to regulate the power input to the furnace to obtain |
constant tempersture. A Leeds & Northrup K-3 potentiometer and
Keithely 610A electrameter were used for potential measurement.

A constant current source is used to perturb the cell to check the

attaiment of true equilibrium.

A description of the .electrolytic cell was given in the previous
report.(s) The electrode assembly consists of:

1. Pure magnesium electrode

2. Magnesium - Aluminum alloy electrode

3. Chlorine electr_ode
These electrodes and a thermocouple were fixed in a No. 9 1/2

rubber stopper that fits into the cell.
lMatericls:

svallable solid magnesium chloride contains six waters of hydration.
Various methods have been tried to produce the anhydrous salt.
ittempts to dry the salt under vacuum while raising the tempera-
ture slowly to about 450°% were unsatisfactory because of the
hydrolysis reaction (MgCl, + 2H,0 = Mg(OH), + 2 HCl). Therefore,

a method of heating the hydrated salt with gross amounts of NH) C1

2~




in a pot furnace was tried. Ammonium chloride dissociates at
about 340% according to (2 NH,C1 —> 2 NHy + 2 HCl). This excess

hydrogen chloride reverses the hydrolysis reaction.

Pure anhydrous Mg(':].2 was obtained. This pure salt was stored in
a dry box. The same procedure was used to procure dry calcm

chloride.

Pure reagent grade magnesium was obtained in the form of rods from
Fisher Scientific Co. Pure Al wire was also obtained fram the same
source. Magnesium - Aluminum alloys were prepared in an induction
furnace using graphite crucibles under an argon atmosphere. Spectro-
scopic quality graphite rods 1/8" x 12" long were obtained fram the

Ultra Pure Carbon Co., Michigan.

Em_ eriment:

Anhydrous magnesium chloride was transferred fram the dry box to
the cell. The cell was placed in the resistance furnace and was
slowly heated under a dry argon atmosphere. When the salt was
molten, the electrode assembly was carefully lowered into the cell.
2ure magnesium and magnesium-aluminum alloy were added to the
respective electrode compartments. Chlorine gas, dried over anhy-
drous magnesium perchlorate was passed through the chlorine elec-

trode at the rate of 8 m_l/min. lMeasurements of galvanliec potential

. between pure magnesium-chlorine electrodes and that between Mg-aAl
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alloy-chlorine electrode were taken over a range of temperatures.
About 10 hours were allowed for the initial attainment of equil-
ibrium for the chlorine electrode. After each temperature change,
about 1.5 - 2 hours were allowed for the attaimment of a new steady
potential. The criterion of stability was a variation of less

than 0.8 mV per hour.

Electrolyte components, MgCl, and CaCl,, vere carefully weighed
in a dry box, mixed and transferred to the cell and a procedure

similar to that for pure salt was followed.

Results and Discussion:

Measurements of the electromotive force at various temperatures

of the cells of the type

Mg(1) lM:c12(1)l c1,(e)
Mg-a1(1) | 121,(1) | e1,(s)

permit the calculation of the thérmodynamic properties of the reac-
tions.

g(1) = Mg + 2e”

Cl(g) + 2e = 21~

Ms(1) + cly(e) = Mg o+ 2017 = MCl, I

Mg (in alloy) (1) + Cly(1) = MaCl, II




Reaction I is known as the formation cell reaction and since all
the substances are in standard state and the e.m.f. is written as

E® in Egqn. 2.1-1
AF° = —NFE® (2.1-1)

where AFO

i

Standard free energy of formation of pure ligCl,(1),
cal mol™L

I Number of electrons transferred = 2

I = Faraday's constant
= 23066 cal/volt-equiv.
EC = Standard potential in volts.

.For reaction II

AF = - NFE (2.1-2)

where AT = Free energy of reaction cal/mol

E = Potential between the alloy-electrode «nd chlorine
electrode, volts.

The free energy of Reaction II may also be eixpressed as

AF =AOF° 1 RT.b K

vhere

£ - a’/’_y(’/z,
Rpg(attoy) [e4 (2.14)

The equilibrium constant (Eq 2.1-4) for Reaction II where chlorine



and pure magnesium chloride are in standard states becomes simply

/
K = 2 (2.1-lka)
”,7 (ﬂ //07)

Cambination of Eqns 2.1-1, 2.1-2, 2.1-3 and 2.1-la yields

_ -MNF(e°- €
/a_ﬂ z/15(4//:>/) - 23R ) (2.1-5)

Teble 2.1-1 shows typlcal data obtained for an alloy with Mg mol
fraction equal to 0.6864 at various temperatures. It may be seen
that sufficient precision is available so that the potential differ-
ence clearly resolves the usually difficult-to-obtain temperature

variation fram which the entropy of mixing is calculated.

TABIE 2.1-1

Potential Data, Mol Fraction Mg = 0.6864

Temp, °C E°, volt E, volt (E°E), mv
709 2.48k2 2.4585 25.70
136 2.4554 2.4309 2k .50
800 2.4122 2.3898 22.38
810 2.4052 2.3832 22.00
862 2.3760 2.3557 20.31

.. »lot of activicy vs. mol fraction for magnesium at 800%C is

suown in Fig. 2.1-1. The negative deviastion fram ideal behavior




is expected for the Mg-Al system because of extensive solid com-
pound formation. Thus the overall method for obtaining thermo-
dynamic data leading to an evaluation of heat of fusion in metal
alloy systems is considered to be thoroughly checked and ready

for investigation of the Mg-Si and other systems.

Work still needed on the Mg-Al system concerns data for dilute

concentrations of Mg in Al followed by Gibbs-Duhem integration of
Mg.activity in order to obtain the activity of aluminum and finally
evaluation of fusion heats. Work is already underway for the con-
struction of a cell made completely of alumina for investigation

of the Mg-S5i system.
References

1. Status Report, Nov. 15, 1962 Institute for Direct Energy Con-
version, Univ. of Penna. NSG 316, p. 10.
2. 0. Kubaschewski, E. L. Evans, "Metallurgical Thermochemistry"

J. Wiley, N. Y., 1956.

3. R. IaBetz, M. Donald, J. Electrochem. Soc. V. 110, p. 121 (1963).

L. ASM Metals Handbook, 1948, (a) p. 28, (b) p.26.

5. G. R. Belton, Y. K. Rao, The Binary Eutectic as a Thermal Energy

Storage System: Equilibrium Properties, presented at 6th
National Heat Transfer Conference, Boston, Mass.
6. Status Report, August 10, 196, Institute for Direct Energy

Conversion, Univ. of Penna. NSG 316, p. 22.
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2.2 FPhase Diegrams of the Systems MgF,-MgO, MgF,-Cal

Dr. Geoffrey Belton, Dr. Ram A. Sharma

Flexibility in the use of magnesium fluoride as a thermal enerpgy
storage material can be obtained through control of the melting
temperature by the addition of other components to form binary
systems. The acceptably large values of the heat of fus&on of cal-
cium oxide and magnesium oxide prompted an investigation of the
phase diagrams of the binary systems MgFE—CaO and MgF,-11g0 by the

method of differential thermal analysis.

A description of the apparatus and control circuitry designed for
this purpose, together with preliminary calibrating experiments
/

were presented in an earlier report.(l)

High purity magnesium fluoride (Mzllinckrodt Co. electronic grade )
was dried by heating slowly to approximately 4L00% under a vacuum
of 1075 mm Hg and held at that temperature until gas evolution
ceased. After cooling, about 25% by weight of armonium fluoride
was mixed with the salt and the mixture, contained in a platinum
crucible, was heated slowly to 200°%C under an inert atmosphere and
held for zbout 6 hours. The temperature was then raised to 700
to allov decomposition and volatilization of the excess ammonium

fluoride. The container was then cooled and opened under dry argon.

2-11



licroscopic examination of a melted and cooled sample of the flu-
oride prepared in this way showed it to be a single-phase material
with no evidence of a magnesium oizide phase. Samples prepared
from material not subjected to the ammonium fluoride treatment
shoved evidence of fine MgO needles in the M{_z,'F2 matrix of the type

shown in Fig. 2.2-2.

Magnesium oxide, for the preparation of Mng-MgO mixtures, was
prepared by igniting Analar gréde magnesium carbonate at 1200°¢

for three hours.

Samples for differential thermai analysis were prepercd by mixing
together the finely ground materials in the desired proportions,

and melting together at about 1280°C. Thermal arrests on cooling
and heating were determined at a variety of rates between 1/4° and
2° per minite. The results are presented in Fig. 2.2-1, vhere the
error linits shown represent maxirmm deviation in the experimental
results. Vhen no error limit is shown, successive experiments
vyielded data within + l°C. The phase diagram is the simple entectic,
with the eutectic composition at 0.085 mol-fraction of MzO and =

eutectic temperature of 1229 + 2%.

Micrographie examinetion of the sanples taken from the i F.,~rich
components showed needles of MgO in a matrix of My (cutectic

composition) with no sign of irrecular grains of MgO which could




be an indication of undissolved 1igO.

Sanmples taken from the MgO-rich side of the system showed grains
of MgO as well as needles. The possibility exists that the grains

represent some undissolved Mg0 as well as the formation of crystals

- of MgO. Because of this, the liquidus curve for the MgO-liquid

reaction is only tentatively drawn (Fig. 2.2-2), based on an

estimate of the enthalpy.(z)

Similar experiments were carried out on the binary system Mng-CaO,
the Cab being prepared by ignition of reagent grade calcium car-
bonate at 1200°C. for four hours. A simple eutectic system was
again found. The experimental res:lts and derived phase boundaries
are shown in Flg. 2.2-3. The eutectic composition and temperature
are respectively 0.075 mol-fraction Cal at 1208 + 2%. A photo-
micrograph of the eutectic composition is shown in Fig. 2.2-4 where

needles of the oxide may be seen in the fluoride matrix.

X-ray diffraction studies will be carried out on the cooled samples
to see if there is any separation of CaO and alteration of the
lattice parameters of MgF,, which would be indicative of the impor-
tance of the exchange reaction

MgF, + Cad = MgO + CaF,

The depression of the freezing point shown in Fig. 2.2-3 is almost

exactly double that of the Mg0 system. This indicates that Ca0Q is

2-13



completely dissociated as would be expected, and supports the

interpretation of the data as a true binary system MgFa-CaO.

Preliminary measurements for the system Mng-A1203 are presented
in Fig. 2.2-5 and a photomicrograph of the eutectic structure is
shown in Fig. 2.2-6. The structure is one of A1203 grains in a
matrix of Mg,Fe. Studies of this system were undertaken to assist
in the interpretation of the MgF, based systems. The system 1is
not thermodynamically stable and over periocds of about 20 hours,

AlF, is evolved and the system reverts back to the Mg,O-M{;F2 system.

3
The data shown were obtained in short-time experiments and probably

represent the real quasi-stable Iv&’:;E‘a-A1203 system. The depression

of the freezing point indicates non-dissociation of A1203
References

1. Status Report, Institute for Direct Energy Conversion, Univ.
of Penna. NSG 316, Feb. 28, 1964, p. 61.

2. . JANAF Tables

2-14




1240

|

MgF

0.1 0
MOL FRACTION MgO

Figure 2.2-1.

.2

(VRN



Figure 2,2-2

Mng—MgO eutectic composition 500X



)

1260

1240

1220

MgF

0

MOL FRACTION CaO

Figure 2.2-3.

.2




Figure 2.2-4

MgF

2

-CaO

eutectic

composition 500X



"G-g°g amblg

momz. INIDYId ITHOIIM

8 9 ¥ z
| 1 | |

IO

— 0¢€ZI

A

e - oty - Casw




Figure 2.2-6 MgFZ—AIZO3 eutectic composition 250X




]

N65 19779

2.3 Transient Measurement of Thermal Diffusivity of Refractory

Materials at Hish Temperature

Dr. Manfred Altman; H. Chang

A transient technique for the measurement of the apparent thermal
diffusivity of refractory materials at high temperature has been

(1)

developed. The transient method employed requires no measure-
ment of heat flux and no steady-state conditions, both of which
are difficult to obtain accurately, especially for poor conductors.
An additional advantage of the present transient method is that
results may be obtained rapidly énd refractory oxides may be

neasured without containers where thermal error would be intro-

duced. The literature abounds with transient techniques for the

- measurenment of thermal diffusivities of refractory materials at

(2)

high temperature. The accuracy of the results obtainedd£y these
methods depends on how closely the actual test conditions approach
tﬁe assumed theoretical conditions and on the magnitude of the
errors involved in the various experimental measuring devices.

Difficulty in matching the mathematically specified boundary con-

ditions exactly has been the major source of error with previous

" methods. The present method imposes a boundary condition which can

be experimentally realized and precisely monitored through the use

of an electrical feed-back system.

The method consifs of heating the outer surface of a long
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cylindrical sample from an initial temperature Ti to a final tem~
perature Tp in a given time interval, At, at a constant rate of -
temperature increase. The translent temperature rise along the
axis of the cylindrical sample from the same initial temperature
Ti is fixed by its geometry and its diffusivity. The difference
in temperature rise between the surface and the axis of the sample
as a function of time is utilized for the measurement of diffus-

ivity.

" The diffusion equation(3) governing the radial heat conduction in
an infinite so0lid cylinder having radius a, and constant thermal
diffusivity & 1is

3
98 - o((é_f +-—:—_—£); o<r<a

at (2'3'1)

where 6 = Temperature rise from initial temperature (9¢) =
T - Ti
T = Temperature (°C)
Ti = Initial temperature at t = 0
r = Radius (cm)

a = Maximum radius (em)
o = Diffusivity (cm /sec)

The solution to equation 2.3-1 is

__. <f-4-r) f--{ft ("Z)
- =1 ZJ(«Z) (2.3-2)
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where c

1]

the constant rate of temperature increase (°C/sec)

J

o Bessel function of order zero of the first kind

i

Jl = Bessel function of order one of the first kind

for the applied boundary and initial conditions

&= ct; r:a.)'f‘:'é
f<o°; r= Ca t=t
f=0;0cr=a t=o (2.3-3)

NEWman(h) has shown that conditions of heat transfer at the center
section half -way frpm the ends do not differ substantially from
that of an infinite cylinder if the length to diameter ratio of
the sample is greater than four. In testing homogeneous and iso-
tropic materials, the assumption that diffusivity is a function of
temperature only is valid. For mathematical convenience, the
aésumption that diffusivity is independent of temperature is
approximated by measuring small differences ip temperature rise

between the axis and the outer surface of the specimen. This im-

- poses an upper limit for the value of the temperature differential.

Due to the inaccuracies of the temperature measuring device (i.e.
pyrometers are accurate within 1/2$ at EOOOOC) there also exists
a lover limit for the difference in the temperature rise. A balance

is therefore necessary.

(3]
=23



It is possible, however, after the measurements on diffusivities
are made, to obtaiﬁ g First approximetion of ©L as a function of
the temperature and to substitute this into the diffusion equation
vith ¢ = £(T). An analog compuier may then be employed to yield
& more accurate value for the diffusivity. The number of itera-
tions required for improvement of X depends on the accuracy

desired.

A sample calculation at the end of this section indicates that for
an infinitely long MgO specimen, having 2" diameter, 3.45 gm/ce
bulk density, 0.25 cal/gn c°® speéific heat,(S)
+hernal conductivity at 300 C° and therefore 2.3 :x 10'2 cm?/sec
Giffusivity at 800 C°,(6) the solution to equation 2.5-1 with the
conditions specified by equation 2.3-3, can be accurately approxi-
rmated by the first term of equation 2.3-2 after 150 sec. frém t = 0.
The second term in equation 2.3-2 contributes only 4.23% of the
entire solation at t = 150 secs. Equation 2.3-2 with thie second
term deleted, for the MgO characteristics listed above, or for any

naterial with a thermal diffusivity vhich is greater thaa 2.3 x ].0'2

2 - - .
cm sec 1 for a sample of similaxr size, is

é 2 2
e =t - ( 2 - >for any t 2 150 secs. (2.3-k)
4

Equation 2.3-4 provides two methods for caleulating the diffusivity

ouce the temperature rise from Ti Tor both the s:irface @ the axis
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is measured as a function of time (see Fig. 2.3-1).

lethod 1. The thermal diffusivity o( 1is inversely proportional
to the difference in the temperatiure rise between the surface and
the axis of the sample at any given time t > 150 secs. Tguation
2.3-4 may be used to calculate (oa - oo) for an arbitrary t, > 150

secs. This yields

2 z
(R t-(f_—‘i—)=$—
c / 1T Y 4K
2
o a ¢ /
# (4, - 0,){_ : (2.3-5)
‘ (]
where Qa =T - Ti at r=a; the surface of the specimen.
90 =T - Ty at r=0; the axis of the specimen.

Yethod 2. The thermal diffusivity, o , 1s inversely promortional
to the time increment (tl - t,), vhere t, = 150 seconds (note ty
is arvitrarily chosen provided it is greater than or egual to

150 seconds) and ty 18 the time elapsed for- Oa to reach the value

of 6 at time t;. Equation 2.3-4 yields the time increment (f, - t5)
when (9 )f' ( ),
2 2
@y, = (8 = ctum (b= 5); (6-%) =
R L |
4/ (f/‘fz.) (2.3-6)

The apparatus consists basically of a high-temperature heating
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element, a vacuum chamber to house the heating element, the power
supply to the heating element, an electrical feed-back system to
repulate the input power to the heating element, and temperature
measuring and recording devices to monitor the temperature of the

test sample.

The heating element is a 4" diam., 20" long tungsten-mesh cylinder
made by Sylvania. The heating element can be operated at a temper-
ature up to 2300°C on a 3 phase A.C. 44O volt, LO KVA power source.
The tungsten-mesh element by-passes the difficulty of tungsten
sheet embrittlement. The heating element 1s enclosed by 10 side,
top and bottom radiation shields. The five inner shields are made
out of 0.005" tungsten and the five outer shields are made out of

0.002" tantalum.

The heating element is hung by the three tantalum current-carrying
leadé (see Fig. 2.3-2) which are rigidly attached to the top of

vihe heating element. The three current-carrying leads extend
radially outward from the top of the cylindrical element and are
set 120° apart from each other. These leads are then supported

by three copper water cooled electrodes. The heating element and
its radiation shields are placed in a water-cooled copper shell,
vhile the curreant-carrying leads nrotrude through the shell. Their
einds are clamped to the water-cooled electrodes. The entire

ocseembly 1s placed in an electro-polished double-wall stainless




steel vacuun tank. The water-cooled copper electrodes are connected
to three feed-throughs on the noris of the vacuum tank vhich connect
directly to the leads for in-coming power. Four sight ports fitted
wiﬁh optical quartz are located on the vacuum tank; their locations
are showvn in Fig. 2.3-2. Other ports placed on the vacuum tank lead

to the pumping system and provide for thermocouple feed-throughs.

5

A steady vacuum of 1 x 10 ° torr is maintained by a pumping system
through the pumping port while the hegter is in operation at 2300°C.
This is accomplished by a Welch 1397 mechanical pump and an NRC-1500
diffusion pump. A 1liquid nitrogen cold trap, NRC type Olk-6 and a

molecular sieve foreline trap are used to prevent back streaming.

The powver supply to the heating element and the electric feed-back
system are shown schematically in Fig. 2.3-3. The heating element
is designed to operate at approximately 20 volts with a maximum

current of 1440 amps in each phase.

The total pover required is then:
P = {3 EI cos © = y3(20)(1440)(.08) = 40 KVA.
where E is the line to line voltage, I is the line to line curreng

and cos © is the power factor.

Pover is supplied from a 4 line, 3 phase Y-connected AC generator
at 410 volts to a three-phase Barber-Coleman silicon-controlled

rectifier, 621A-27760-173. The pover output from the rectifier is



then fed into the primary windings of three Atlantic single phase

20 KVA transformers.

The impedence factor of the transformers 1is specified at not below
2%. Care must be taken in matching the impedence of the secondary
of the step-down transformer to that of the heating element such
that maximum power transfer may be effected. from the secondary of
the transformer to the heating element. The power output of the
silicon-controlled rectifier is regulated by an electrical feed-
back system, which consists  of a Corning precision deviation-

controller (series 8810) and a Data-Trak curve-follower programmer.

The rectifier is regulated by a D.C. voltage error function fed in
by the Corning deviation-controller. The error function from the
controller is the difference.between the DC voltages generated by
a progrémmer (the'Data—Trak curve-follower) and that produced by
an automatic optical-brightness pyrometer (Pyro-Eye-650). The
output voltage of the programmer represents the desired tempera-
ture rise on the surface of the sample while the output voltage of
the optical pyrometer represents the actual measured temperature
on the surface of the sample in test. By this arrangement, it is
possible Lo increase the temperature of the heating elementv at a
constant maximum rate of 3OOOC/min. This is sufficient to raise
the temperature of the surface of the cylindrical sample, wvhich

is placed in the center of the heatving element, at a rate such that

e "2‘.)




the difference in temperature rise between the surface and the
axis of the sample can be precisely measured. The Barber-Coleman
rectifier vill hold load voliage to within 1.5% for a 10 line
voltage variation and has a maxizawma current limifing feature for

giiort ~circuit protection.

Prelininary calculations on vaporization of metallic oxides and
reactions of tungsten in vacuum at high temperature indicate that
tests may be run up to 1500°C without difficulty; however, until
some experimental results are obtained it will not be possible to
deternine the ultimate tenperature under which the tests can be

conducthed.,

Samole Calculation of the temperai re of ean infinitely lon~ M~0
» 5 ) &)

spHeeimen:
The series solution for the temperaﬁure o(r,t) given by Eqn. 2.3-2

2 2 -1 . o)
crm sec” for MzO (at 8007C) has been calcu-

for o« =2.3 x 10
lated for r = O (at the ceanter) and for t = 0, 50, 100, 150, 200,
250 seconds. Substituting the values of a, r, o , in Ign. 2.3-2

cives

f exp(-—dﬁj*é}

6(0¢) ,, 5
) . e-rmor) v story I gL

The first five terms of the series have been considcred in the cal-
2
[ 5t0.54 exp (-«Z, t)]
3 .
iEh'z (iﬁ.)

culation. The values of (¢t - 70.07) and

£
o
0



for various values of t are listed in Table 2.3-1.

TARIE 2.3-1

560. Shexp( - X 22t ) 560. Shexp(-X Zat) 560.Shexp(-o¢ 25t )

t  (£-70.07)

237, (2,) 237, (2,) Z§J1(23)
0 -70.07 T7.635 ~9.7926 + 3.1861
50 -20.07 34.93 -0.04269 4+ 5.1 x 10'6
100  29.93 9.875 -0.000186 <1077
150  79.93 3.532 -7.836x107 <1077
200  129.93 1.258 1077 <1077
250  179.93 0.kh72 <1077 <1077

The remaining two terms for 6 (0.0) are - 1.4709 and 0.8156, and

for 0 (6,150) = 79.93 + 3.532 - 7.838 x 107 = 83.462,

It is scen that the first term of the infinite series in Eqn. 2.3-2

contrib:tes 4.23% of total value for 6 (0.150).

Furthermore, Equation 2.3-5 yields

(o

- go) =

2
ca

4/3 = 93.5%

ty K T 4x3.568x1073

and equation 2.3-6 yields

(tl - t2) =

a2

1

" Lx3.568x1073

=2 70 secs.

\
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e=T-TiP@

T = initial temperature

0 o= temp, rise at the surface where r = ¢ >radius of sample

8, =temp. rise at the axis (r = o)

- vty s G0 et G a—

le—t, - tz____;g
t 1 . =150 sec.

1

Figure 2.3-1, Temperature increase at surface and axis of sample.

time (sec.)
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3.1 Emitter Surface Physics of Plasma Diodes

Dr. Ieon W. Zelby, Dr. George L. Schrenk; M. Kaplit

The concept of a work function is an integral part of the theory

of thermionic (plasma diode) energy converters. Researchers often
use the term ﬁork function without specifying whether they mean the
true, Richardson, effective, or same other type of work function.
The classical definition of the work function is the energy differ-
ence between the Fermi level of the metal and the energy required

to remove an electron from the Fermi level to infinity. By defini-
tion all these will give the correct value of eleétron emission;.
but the relationships between these various types of "work function"
and the classical definition of '"work function" is not clear. Clari-
fication of this relationship is essential to an understanding of
the vaiious emission and adsorption processes in the plasma diode.
Thus, as a first step to a more complete understanding of emission
and adsorption phenomena, the significance and interrelationships

of these various 'Work functions" have been studied theoretically.

The preliminary details of our findings are presented in Reference 1.
The Richardson work function and its associated quantum mechanical
electron reflection co-efficient were found to possess the most
fundamental significance. This conclusion, however, required that
the usage of the concept of a Richardson plot be examined and

defined more precisely. The classical procedure for determining




the Richardson work function and the associated emission constant
is through the use of Richardson plots.(3) Whereas this method is
valid for emission in vacuum, the presence of a gaseous enviromment
such as cesium vapor introduces another variable, surface coverage.
The derivation of the Richardson equation is based on the assump-
tion that the surfacé structure is independent of temperature.

In gaseous environment this_is only true at constant coverage.
Consequently, Richardson plots are meaningful only at constant

coverage.

Thus, the Richardson work function fJ, measured at a constant surface
coverage, 1s the minimum energy requiredlto remove an electron from
the Ferml level of the emitter to infinity.(h) Hence, the average
energy that must be supplied to transfer an electron from the Fermi
level of the emitter at temperature T to infinity is(S) B + 2 kT.
Although this conclusion is in agreement with many thermionic

(3)

ploneers, such as Herring and Hichols, it is at wvariance with
many present day thermionic researchers who claim that the effect-
ive work function is an empirical constant possessing no physical

(1)

significance.

This investigation of the significance and interrelationships of
the various 'work functions" has led to the development of a new
macroscoplc model of electron emission from metals in cesium envir-

orment. This model which requires no adjustable constants, includes

L
i
(9



the councepts of the state of maximum activity and its relationship
+0 the Richardson work functlon. Ilectron emission 8 - curves

calculated on the basis of this miodel for a cesium-~tungsten system
show excellent agreement over more than seven orders of magnitude |

p .
of the cesium arrival rate with the experiments of Houston( ) and

(7)

Langmuir and Kingdon. Preliminary parts of this theory are
presented in Reference 1, details in Reference 2. Filgure 3.1-1
shows a sel of electron emission S - curves, as obtained from this

theory, compared with Houston's e:periments.

Asvdiscussed in the previous prodress report, the primary problem
under investigation is the calculation of the surface charge dis-
tribution at a metal-vapor interface. However before this micro-
scopic problem could be solved to the extent desired, it vas
necessary that a good macroscopic theory exist and thaﬁ a Clear
understanding of the interrelationships between the various types
of "work functions" exist. A detalled literature survey showed
that these needs were not met by present work; hence the research
déscribed above was carried out prior to caleculation of the surface

charge distribution at a metal-vapor interface.

, The central purpose of this research is to predict the surface
charge as a function of the crystallographic structure of the
subsirate, the number of adsorbed particles, and the fraction of

charge associated with the ionic and covalent bonding betwveen the




adsorbed particles and the substrate. Because we desire o
explicitly include the effects of coverage and substrate struc-

ture, a three-dimensional solution is necessary. Of the methods

presently available (plasma oscillation theory, Hartree-Fock, etc.),

statistical theory appears to be the only one for which a three-
dimensional solution is analytically feasible.> Ve shall now outline

this method.

The fundamental idea of the statistical method is to work with the
particle density rather than with the quantum mechanical wave func-
tion whén solving many-body problems.(s) To solve such e problem,
one deternines the total energy ol the system in terms of the
particle density, which contains a number of adjustable constants.
These constants can be evaluated by using the fact that the totsal
énergy ol the system must be a minimum at surface coverage equilib-

riun.

The total energy consists of many varts. The first is a kinetic
energy, KB, vhich in terms of the particle density, n, is

Ks=f(""%?5 val )z

n

vhere A, B are constants. The first term of the integrand is the
Thomas-Fermi energy and the second the Weiszacker energy. A good

discussion of these can be found in the article by March and Young.(9)
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The potential energy of this sysiem is more difficult to obtain.
First, there are those contributions due to the hard-cofe atoms,
i.e., their mutual electrostatic interactions and those w;th the
surrounding electron gas. Ilet us call these two potential energies
v he- he and th-e’ respectively.' The next potential energy is
the electrostatic energy of the electron gas, Ve, vhich is
obtained from |

\Le :‘J/ﬂ CZIT(F?)'7{';.) ‘{;f‘(;i

ymé,|r -7, |

The final two potential energy terms are quantum mechanical in

origin. They are due to the mutual repulsions of the electrons
arising from the Paull principle and from electrostatic forces. These
iwo energies are extremely diflicult to determine exactly and we

shall employ the free electron approximations which have led to

neaningful results in calculating the cohesive energy and the

10
sarface double layer of sodium,( ) The first is the exchange
(11)

energy Ver and the second the correlation energy Vcor'

- o __“/:q%%chg

VLor o - 4 ‘(Fg

5,51+ (‘7_73;'_;)'/3

These approximations are equivalent to assuming & locally uniform

particle density.
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The total energy is then the sim of the above
E = KB + vhc-hc +* Viee ¥ Vee ver + Vcor
To actually calculate E = E(n) is rather involved and the details

for doing this so as to include the effects of substrate geometry,

- chemical bonding, and coverage will be presented in Reference 12.

Research work is currently proceeding on the analytic evaluation of
the various terms that contribute to the total energy and on the

development of numerical techniques for minimizing the total energy.
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3.2 Emitter Sheath Polarity in Plasma Diodes

Dr. George L. Schrenk

The general criteria used to determine the sign (polarity) of the

Lo

emitter sheath in a plasma diode have been exeamined in detail]l The

-

criteria presently in use in both close- and broad-spaced cesium
plasma diodes are
Is/IpE > L9) 9 electron rich (negative) emitter sheath,
Is/IpE <4 491 3 ion rich (positive) emitter sheath,
where IS is the electron emission current (as given by the Richard-
son equation) and IpE is the ion current from the emitter. It has

(3,4)

been shown that these criteria follow directly from a more
general set of criteria by assuming that no collisions ocecur in
the interelectrode space. Thus, the applicability of these criteria

to a close-spaced collisionless diode cannot be questioned.

In a broad-spaced plasma diode, however, there are interactions in
the interelgctrode space and these interactions give rise to volume
ionization and/or recombination. Since the presence of volume
ionization in the intereleétrode space of a plasma diode affects
the potential distribution, it must also enter into the determina-
tion of the emitter sheath polarity. The criteria stated above,

hovever, do not take into account such effects.

A phenomenological macroscopic nodel has been used to determine the

~10

(O8]
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correct criteria when interactions exist in the interelectrode
space. Specifically, this model applies to a broad-spaced plasma
diode vhere the spacing is meny times the mean free pa*a.—— i.e.,

: o
to the case where a plasma, characterized by its own variables,
is formed in the intereLectrode space. No specific mechanism and
rates for volume ionization and/or recombination vere assiumed;
both the net volume ionization and the plasma electron temperature
are treated as unknown parameters. 'iég”pasic assumptions used in
this model arg;)

1. The temperature of the collector is low so that electron and

ion generation at the collector are negligible.

2. 'The Seha-langmuir equation is a valid representation of ion
generation at the emitter surface. This equation, howvever, has
been rcwritten so as to use the electron emission current Iso

explicitly. This means that the concept of an emitter work func-

tion is never explicitly introduced.

3. The plasma in the interelectirode space is uniform with the ion
<

density equal to the electron density throughout.

. Maorellian distributions of electrons and ions exist in the

lasna; the corresponding electron and gas temperatures, however,

need not be equal.

5. DPlasgna resistance has been neslected.

(@)
1y
-
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5. Extraneous losses, such as thermal radiation from the plasma
%o the surroundings, loss of electrons, ions, and atoms from the

interelectrode space are neglected.

7. Only %vo species of cesium are considered to exist in the
plasma, i.e. atoms and ions. No proviéions are presently made for

the possible existence of excited atoms and/or molecules.

Using these assumptions, a set ofsix simultaneous equations has

been formulated to describe the condition when the emitter sheath

vanishes. Although a detailed derivation of this set of six equa-
I

tions will not be presented here (see Ref. 4), a brief discussion

of each equation follows:

For the current balance at the emitler surface, the net current I

is the result of four groups of charge carriers: (l) saturation
current from the emitter I ; (2) ion current fron the emitter Tps
(3) electrons from the plasma (reverse electron current) Iep; and

(%) ions from the plasma (reverse ion current) L.

4 e = - + - ¢
Thu I Iso IﬁE Ip Iep

For the current balance at the collector surface, the net current I

is the result of only two groups of charge carriers: (l) electrons
from the plesma Iep exp(-VSC/VTe); and (2) ions from the plasma Ip,

vhere vTe denotes the electron plasma temperature. The collector




i

sheath is always assumed to be positive in this model. Thus

I=1I,,exp (vSC/vTe) - IP.

The equation for the ion balance across the plasma is

T * fpp = 2Ty

vhere ADE is the net volume ionization and/or recoubination in

amps /e

The equation for the ion production at the emitter is

Ie=IL/L[1+al, exp(y, INee ) AT ]

vhere ' I, = arrivel rate of atoms and lons from the plasma,
Vi = jonization potentisl of césium,
VTE = emitter temperature (ev),
A = thermionic emission constant (120 amps/cm?).

This is the Saha-Langmuir equation, rederived in a manner such that
the concept of an emitter work function is never explicitly intro-

duced.
The equation for the charge density balance in the plasma is
J = NEWA

vhere V, denotes the gas temperature (ev).

The equation for the energy balance for the plasma is

)
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ZISO(Vrg-vTE)+2'Ia(VT‘E+MI’C—‘2Vg>

- Ds_(\/c'+‘zv7'e)'(r+'z—P)\-/5C =9

vhere Vqu is the collector temperature (ev). Although the approach
used to obtain this equation is similar to that employed in Refer-
ence 1, the reference points and grouping of terms used are funda-
mentally and significantly differént. This equation expresses

the fact that the net energy floving across a similar imaginary
surface immediately outside the collector when the same potential
reference points are used for both imaginary surfaces. Since

only ions and atoms‘ are considered to be crossing these imaginary
surfaces, the possible presence of excited atoms and/or molecules

. has been neglected.

Special numerical procedures have been developed to solve these

A
six simultaneous non-linear coupled equations without introducing
any additional numerical approximations. - 'Ihe input variebles are

Th» Ter Tg and I, . For each value of Ay, and V_ _ chosen, a numer-

Te
ical search is carried out to find s solution of these equations
in terms of Iso' Such & solution may or may not be found. If a
solution is found, it means that for the values of Tp» TC, TG’ Ia’
ADE and v'_De chosen, a zero emitter sheath solution exists for the
value of I  found. TIf no solution is found, no zero emitier

sheath can exist for the conditions chosen.

3-1k
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Since ADE and V__ are treated as independent variables, the solu-

Te
tions found for each set of values of By To» TG’ and I will be

a family of curves on a plot of Is versus ADE' Each curve in this
family can be labeled with a value of VTe' Physical conditions on
this set of equations (e.g., 5 Z 0, etc.) restrict this family

of curves to a specific region of the I - ADE plane.

As a first step in the solution of this set of equations, it is
convenient to find the envelope of this family of curves. An
analytical procedure has been found for solving these equations
for this envelope. Figure 3.2-1 shows a typical envelope for

o2 vTe 2 O  yith the vari§us significant features labeled.
The two lines extending to the right meet at infinity. The limits
o2 V'De 2 o©  arise from the use of Vpe @s & mathematical para-

neter in the analytical solution. All solutions for I(,o a2s a

function of Apg and vTe lie within the boundaries of this envelope.

G The inclusion of this fact,

hovever, is not simple. A solution for the envelope with the

Physically, it is clear that Ve 2 v

restriction VEDe = VG yields a portion of the envelope in Figure
3.2-1; but this portion is not closed. To find the full envelope
it is necessary to solve for the solution for v’.[‘e =Vs. This has

been done and the results are shown in Figure 3.2-2.

Any broad-~spaced plasma diode operating above the top curve in
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Figure 3.2-2 necessarily possesses an glectron rich (negative)
enitter sheath. Any broad-spaced plasma diode operating below the
bottom curve in Figure 3.2-2 necessarily possesses an ion rich
(positive ) emitter sheath. From this figure it is clear that an
increase in the net volume ionization with all othexr parsmeters
constant can cause the operation of such a plasma diode to go from

an electron rich to an ion rich emitter sheath.

For plasma diodes operating in the region between the two curves in
Figure 3.2-2, it is impossible to state whether the emitter sheath
is positive or negative without having more information. ‘First,
the entire parametric family of curves (o0 2 Ve = VG) is
needed for the region bounded by this envelope. Analytical pro-
cedures have been developed for solving these equations for the
1l parametric family of curves (Ref. 4). One typical fanily is
shown in FPigure 2.2-3. This family, howvever, is still notv suffi-
cient to uniquely define the polarity of the sheath; it is still
necessary o obtain the speciiic solution that relates ADE to va'
Ouly after this precise curve has been specified can conclusions

be dravn about the polarity of euiiier sheaths for plasna diodes

operating in the region between the Lwo envelopes in these figures.

The results in Figure 3.2-3 are not in the most conveniea: form
for use in the interpretation of current-voltage characteristics.

These results are glven in terms of I, while experimental reasurements




vield I. The precise determination of IS from I is very difficult,
if not impossible, 1in broad-spéced plasma diodes. Thus, it is
desirable to develop criteria in terms of I. This has been done
and a typical result is shovn in Figure 3.2, + will be noticed
that the lower envelope is in the ion current region. A study of
this figure shows that the>reverse current can be a useful diag-
nostic tool in determining the polarity of the emitter sihcath; if
the magnitude of the reverse current is large enough, the emitter
sheath is ion rich. Knowledge of the emitter sheath polarily is a
necessary requisite to any analysis of the potential distribution

in the interelectrode space.

A number of resulis obtained froa this model are presented in
Reference 4. Since the current-voliage characteristics of a plasma
diode depend rather sensitively on the sign of the emitter sheath,
these resulis are useful in correlating theoretical and e:perimental
resulis from plasma diode energy coaverters. Such a correlation
will initielly consist of a study of the conditions under which a
transition to the ignited mode occurs in the current-voliage curves.
The intercept of the current at the transition point with the
envelove of the family of zero sheath solutions yields bounds to
the average net volume ionization. A knowledge of the electron

temperature at the transition point is required to determine a

definite average net volume ionization. Once the averagze net volume
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ionization is known at one spacing, it is possible to predict the
veriation of the ignited mode transition point with spacing for
braod-spaced diodes. As more experimental information is obtained
from plasma diodes operating in various modes, esch point in the
operation of a diode, including hysteresis current-voltage effects,
can be represented by some point on one of these plots. These
plots can then be to plasma diode energy conversion vwhat phase

diagrams are to physical chemistry.
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1 3.5 Investisation of I'o-f Sceded Arson Plasac
1]
\
¥ Dr. Hsuan Yeh, Dr. Chad F. Gottschlich; T. XK. Chu
Y%
r N .
~/  The research reported here is a continuation of efforts discussed

in previous progress reports. The objective of this work is to

mjfasure non-equilibrium ionization and its effects in an alkali

| netal (Na-K) seeded argon plasma, where the non-equilibrium ioni-
zation is produced by an externally applied electric fie;£;> Meas -
urements of the electric field, plasma current, and spectrophoto-
metric measurements of the radiation from the plasma will be made.
These spectrophotometric measuvrements are especially significant
because, by proper interpretation, the radiation yields information
on the local properties of the plasma -- e.g., the electron and
atom-ion spatial temperature distributions, etec. From these
spectrophotometric measurements, electrical measurements, and
separate measurements of the pressure and chemical composition of

the plasma, we will be able to calculate the local values of the

electrical conductivity, thermal conductivity and specific radiation.

Recent efforts have been largely devoted to Egprovemeut of the Na-K
alloy injection system. Reliable and precise control of the volume
Tlov rate of the alloy has been accomplished by & motor-driven,
variable-gear drive (see Fig. 3.3-1) in conjunciion wilth a syringe.
The svringe cylinder is made from DPyrex tubing and the »iston is
nade of polyethylene. This desicn very effectively elininates the

IR
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leakege of alloy between the cylinder and piston that occurred in

earlier designsi?

A nev alloy boiler to vaporize the alloy to be mixed with the argon
‘Jgés been constructed and test§g>(see Fig. 3.3-2). In the nev sys-

tem the liquid alloy‘is sprayed into a stream of hot argon (600% ).
This argon has been heated by passing through a stainless steel
coil which is externally heated. The two-phase mixture of argon
and Na-K alloy then passes through a four-turn stainless steel coil
of 0.436" - I.D. and with a total length of 11 feet. The coil is
situated in a muffle furnace maintained at 850°C. The alloy com-
pletely vaporizes in the coil. The coil is adequately sized so
that the alloy-argon vapor mixture leaves at a temperature of 650°C,

vell above the dew point of the mixture (approximately 420°% for

1% concentration of alloy).

Materials difficulties with the mixing chamber have been eliminated
by using a nitrogen cooled, stainless steel chamber as shown in

Fig. 3.3-3. It was found that six radial distribution ports 0.141
inches in diameter were necessary for good mixing betveen the alloy-'
argon stream mentioned above and a high-temperature stream of argon
fram a plasma-afc Jet. The seéond argon stream is used to control

the temperature of the final mixture.

,//Recent tests have shown that the qQuartz test section rapidly

g
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devitrifies during operation. This appears to be due to traces of
- ‘\ 0
xygen and water vapor present in the argon. ) It is known that
xygen and water vapor can react with Na-~K alloy to form oxides
that, in turn, can react with quariz. Hence, we are constructing
rp——r
‘o . . : X o]

a gas purification system using 1/8" pellets of Linde 4A molecular
sieve material and 1/4" to 1/8" lumps of manganous oxide in columns
to remove the water and oxygen, respectively. It is anticipated

that elimination of water and oxygen should eliminate devitrifica-

tion.
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L. Tran§jse&1&§ncentration Variation in Natural

Convection Elcetrolysis

Dr. Ieonard Nanis

Expansion of the Institute activities in the area of electrochem-
ical engineering will permit Iinvestigation of topics of general
interest to fuel cell development and research, in addition to
previous work directed towards the biological fuel cell. The
present state of the art of fuel cells suggests that concentrations
of effort leading to the development of ratlonal engineering design
criteria are necessary and desirable. The commonly used porous
electrode is particularly in need of study from the viewpoints of
predictive model development and Hossible radically different

synthetic constructional methods based on model studies.

In order to probe direcily into the mass transport characteristics
of an actual pore or representative model system, methods must be
developed for measuring local transport rates on a micro scale.

The well known technique of utilizing measured limiting current
densities of cathodic reactions for evaluation ol the mass transport
boundary layer thickness can, of éourse, be applied to porc models
sach as an electrolyte meniscus o1 a plate electrode. However,

this method is time consuming since the entire current density-
overpotential curve must be obtained. Also, depletion effects

are troublesome in the confined geometry of an actual pore model,

—
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e.5., depletion of dissolved hydrosen by anodiec oxidation at a
platinized platinum pore surface.‘;ége present study is an attempt
to develop a iapid method to be used in combination with micro
probeé located within a model pore region._ The fundamental param-

eter sought is the thickness of the electrolyte layer which becomes

depleted of dissolved electroacti~e species, for constant local

current density operiiiii;>

_The analysis of the transient behavior of elecirode-electrolyte

interface concentration_(for a current step) will be combined with
- a relation between concentration and overpotential so that polari-
zation transients will be predictable for assumed values of boundary

layer thickness}p;/

It is expected that only natural convection conditions will prevail
in electrode pores. As will be shown, the behavior of the concen-
tration translient at the interface is independent of actuasl convec-
tion conditions during a considerable portibn'of the trénsient.

This finding, in combination with the potential-concentration rela-
tion will permit assessment of mass transport behavior for pore
ceonetries which, by their nature, lead to considerable mathematical
difficulty for exact convection analysis, e.g., thin films of elec-

trolyte and curved meniscus regiouns.

Transient phenomena for transport processes have received reneved
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attention recently, both theoretically and experimentally, particu-

(1,2) The usual method of treatment is

larly for‘heat transfer.
based on a solution of the combined Navier-Stokes equations, con-
tinuity equation and diffusion equation with generalized convective
terms. The difficulties associated with the solution of the
resulting non-linear equations are well known. In the present
development, for vertical plates, the overall complexity may be
avoided by consideration of physically extreme cases in cambination
vith general behavior of boundary layers. Although the development

has been prompted by a purely electrochemical example, general

applicability prevails.

The concentration changes at elecirodes arising from the passage
of constent current can be described for physical extremes which
bound all real cases of natural convection self-stirring produced
by density changes in a boundary layer which is being established
i.e. in a transient condition. The heat transfer analog pertains
to a sudden step in heat flux at a vertical plate of negligible

thickness.

Following the switching on of a constant current in an electro-
lytic systenm, the complex interplay of ionic migration, diffusion
and convection fluxes controls the time variation of the concentra-
tion in a region immediately edjacent to the electrode (anode or

cathode). Ultimately, a steady state condition is attained where

Ly




the concentration contour is stabilized within a boundary layer
region. In the heat transfer case, there is no direet analog of
the field dependent electrolytic transport of migration of charged

species. However, liquid density differences caused by the tempera-

. ture variation in the boundary layer are analogous to the density

differences induced by concentration changes in electrolysis. For
convenience, the extreme cases are designated "Diffusion" and "Com-

bined Diffusion and Convection."”
Diffusion

The case where diffusional flux alone is present (as for a hori-

zontal cathode facing downward) was worked out for one dimensional
diffusion with constant gradient (constant current density) at the
electrodé by Weber(3) in 1379 and Sand(u) in 1901. The space-time

variation of concentration is given for the cathode, as

J_ [ aDRe® 5

C,,’*f Cb - 5—;—5 —?7;—— e "+ x et fW,](u.l-l)
where J = current density, A ™2
| F = Faraday constant 93,500 coul (g-equiv)-l
Z = number of electrons involved in electrode reaction
D = diffusion coefficient of ionic4species involved in
electrode reaction, cm® sec™T,
t = time from start of constant-cﬁrrent passage, sec.
x = distance from electrode, cm.

4-5



C(o,t) = concentration, mol cm"3, of ionic species at elec-
trode (x = 0) at time t.
C(x,t) = concentration, mol cm"3 of ionic specles at x = X,
for time t.
C, = concentration in bulk electrolyte, mol em™3.

Only the result for the electrode-electrolyte interface (x = 0) is

usually needed, i.e.
J 2 3
i[qu _CbJ = Z?D'Iz Tr’/a- (k.1-2)

wvhere the plus sign is for the anode (from an expression camparable
to Bq. 4.1-1 and the minus sign is for the cathode. It is conven-
ient to consider the case of excess supporting electrolyte so that
migration effects of the ionic species under consideration may be

negzlected for the present.

Combined Diffusion and Convection

Near to a vertical electrode, chaunges in the density of the elec-
trolyte associated with the concentration changes give rise to
buoyancy forces which tend to accelerate the electrolyte vertic-
ally upvard for the cathode and downward for the anode. However,
for vertical electrodes, Eq. 4.,1-1 and 4.1-2 describe a fictitious
behavior, since they imply that convection never commences. The

acceleration imparted by the density changes 1s resisted by




inertial forces, chiefly designated in terms of the electrolyte

viscosity, so that a frequent assumption is that Eq. 4.1-1 and

4.1-2 are valid for vertical electrodes for some time after the

scart of current passage. A generalized viewpoint regarding con-
vection may be made as follows. The self-stirring due to

natural convection supplies fresh waterial from the bulk of the
solution to the vicinity of the electrode. The self-stirring,
however, results from the density changes produced in an attempt
to deplete (for the cathode) the electrolyte near the electroée.
Ilence, convection acts to slow down the progress of the depletion.
For the anode, self-stirring alds in removing excess material

from the region'near the electrode, also slowing the attainment

of a steady state distribution of concentration. Thus Eg. 4.1-1

and 4.1-2 may be regarded as a maximum limit for the case of

natural convection combined with diffusion and must represent a

- fastest possible attainment of steady state conditions for the

concentration and aiso the associated overvoltage at the electrode.

As a general result of fluid flow behavior for stireaming past a
surface, the velocity just at the surface drops to zero. Very
tlose to the electrode, diffusional effects are thus expected to
predominate so that éven when the electrolyte undergoes density
induced accelefation, thé effecﬁ of convective supply will be least

just at the electrode. Thus it nay reasonably be expected that
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Eq. 4.1-1 and.4.1-2 will agree closely with real behavior and
will exactly describe conditions for sometime after the start of

constant -current passage.

At steady state, for diffusion only, the ultimately attained con-
centracion difference at x = 0 may be written as '4_- [Co,oo - Cb] .
TFrom Fick's first law there is obtained, for the concentration
variation vithin an imaginary finite boundary layer of thickness S ’
Cro-C X
[ e s = /"T (4.1-3)
[Ca,oo - Cb.]

Eg. 4.1-3, of course, cannot be valid in real cases since convec-

(5

tion has been completely omitted. Interferometric studies of
steady state concentration contours (for CuSOl+ electrolytes) have
shown that a semi-parabolic contour is actually folloved to within

a very good approximation. " In terms of the 9§ implied in Eq. k.1-3,

with the same gradient at x = 0, the actual contour is given as
[Cx,va - cb]
[C-O,oé - ij

The contour of Eq. 4,14 also represents a particular von Xarman-

2
= ([ - 1-)-%—' (b.1-4)

Pohlhausen approximation which has been used successfully as a
"guessed" solution in many boundary layer problems for natural con-

vection.




Similarity Domain

Equations 4.1-1 and 4.1-2 may be nade dimensionless by introduction

of the steady state result based on S .

- _JS
i-[co'ao C_bJ - é——f.b (4+.1-5)
and the dimensionless notation
X_ . . Dt
g? - ?g‘ ) 2- - ‘Sz

Equation 4.1-2 for the absence of oconvection becomes

[Cox-Co - 2 % (4.1-6)
[Cow-C. ] m

Thus normalization to the fraction of ultimate concentration

difference at

xeo (& =0

is possible for Sand's equation (Eq. 4k.1-1, 4.1-2) by the introduc-

tion of the boundary layer thickness d which is in turn based on

an extrapolation of the actual gradient at x = O.

A special case based on the boindary conditions

Je J . v.p -
-D,A—X_ S zy ) x=0;,tZo (4.1-7a)
cC=¢C , x=§,¢t=zo0 (4.1-Tb)
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vas worked out by Rosebrugh and Miller(é) in 1910.

The fesult involves a summation of exponential terns and nay be
improved for applicability at small times by solution of Equations
4.1-7Ta, %.1-7To and the diffusion equation by the laplace transform
method. The result, after expansion of error function and exponen-

tial series terms is

co - /3 —_f_ _L 7 t!-
f a3 ch]] : ’:f,b [/—e ‘re "(/-a-f%'t:)](u.w)
C, o €y

In terms of natural convection at a vertical electrode, the time
variation of the contour resulting from the conditions given by

Eq. 4.1-Ta and 4.1-Tb implies that when the diffusion "wave" ieaches
X = § , convection sets in suddenly and is maintained thereafter
with full intensity. The fixed S case of Eq. 4.1-8 may be
regarded as equivalent to the no-convection situation described

by Sand's equation (4.1-6) up to the time at which diffusion effects
are felt at x = S(; s /) + The attaimment of ultimate con-
centration difference at x = 0 should be no more rapid than that
described by Eg. 4.1-8 for the reasons givén above in connection
ﬁith Eq. 4.1-6. After x = & has been reached, hovever, Eq. 4.1-8
deécribes & rather specilal behavior for natural convection in that
a full stirring condition has been reached before it should be
entirely possible. Thus, for a brief time after the "wave" reaches

X = S., Eq. 4.1-8 should represent a slow extreme, with actual

L-10
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systems attaining greater conceutration differeaces in equivaleant
¢time. This behavior cannot be folloved for a grea:c leagih of
time since Eq. 4.1-3 does not correspond to reality as time in-

cregses.

A plot of the limiting contours, BEq. 4.1-3, 4¥.1-4, together with
Eq. 4.1-1 (dimensionless, cf. Eq. 4.1-5) for various T in Figure
4,1-1 provides further physical insight to the problem. From
Eq. 4.1-1 it may be readily computed that for a oﬁe per cent vari-
ation at E = 1 (i.e. a concentration fraction equal to 0.0l), a
dimensionless time of € = 0.125 is required. Thus the physical
behavior underlying Eq. 4.1-6 and 4.1-8 is identical for 0 < T <
0.125. A further period of ideatity between Eq. 4.1-6 and 4.1-8
may be found from the inner bracke: of Eq. 4.1-8 expressed as the
inequality

2 2* . z > o

4 2 (k.1-9)
The result obtained from Eq. 4.1-9 is that Eq. 4.1-6 and 4.1-8 are
identical somewnere within the range 0 < T <  0.666. From
nmnérical computation of the appropriate functions, the range is

narrowed to 0 < T < 0.333 for one per cent agreement.

For real cases of concentration variation in electrolytes with low
Jd_2f

values of densification coefficient, o = P SC » and high

values of kinematic viscosity, J 5 1t should be expected that the
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onset of convection (acting to slow the attainment of ultimate
concentration at §' = 0) should be delayed. It is thus possible
that real behavior could be described by Eq. 4.1-6 up to € =
0.125 and also for timesbeyond with Eq. 4.1-6 being a fastest
possible mode of behavior. The fixed o case would then represent
a slovest possible mode up to some unspecified T > 0.125. Yet
the results for bothextreme modes (Eq. 4.1-6) fast and (Eq. 4.1-8)
slow are identical up to T = 0.333. It seems plausible
therefore that real behavior, lying between the extfemes, must also
be described over the range 0 < T < 0.333. Beyond T = 0.333,
the bracketing of real behavior can no longer be assumed either on
the basis of the above calculations or physically. By substitu-
tion in Eq. 4k.1-6 it may be seen that the concentration fraction
attains a value of O.k at Z = 0.125 and a value of 0.65 at

T .= 0.333. Thus, a s;xbstantial attainment of the ultimate con-
centration differenee is achieved in the time period for identity
of the extremes. It should be emphasized that a real system might
beliave more slowly than Eq. &.1-6 at all T and that the circum-
stanee of faster attainment implied by Eq. 4.1-8 for some part of -
the interval O.i25 <« T < 0.333 might represent merely a
fortuitous hypothetical situation. An estimate of such & possi-

bility is shown as curve 6 of Fig. 4.1-2.

Curve A in Fig. b.1-1 represents the linear contour extending over
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the distance & , (0 < ;’ < 1) given by Eq. k.1-3 as 'a result
of the constraint imposed at & by Eg. 4.1-7. Curve B repre-
sents a close approximation to the concentration contour observed
in real systems for a comparable fixed gradient at & =0 (et.
Eqn. 4.1<4). The contours at various values of T represent the
complete absence of conveétion. The shapes of the contours derived
from Eq. 4.1-1 bear a superficial resemblance to the steady state
contour of Curve B. In the absence of the complete solution,
nothingmn be sald about the actual build up of the boundary layer
to 1ts ultimate thickness (2 & 1in Fig. k.1-1), but a possible
e;timate might be made that the boundary layer does not extend
very far beyond 1ts steady state value during its transient bvehav-
ior. The curve for T - 0.5 in Fig. 4.1-1 represents a condition
of no convection up to a spreading of diffusion out to €' =2,
(x =2 9 ) to within 1.5% on the concentration scale. The con-
centration fraction at ﬁ; = 0 would have reached 0.8 in this time
so that the stirring forces due to density changes would still not
be fully developed. The sudden onset of convection at this space-
time condition could be considered to stabilize the thickness of
the boundary layer at x = 2J) with further density change within
this region producing more stirring to slow down the attainment at
€' = 0. Such a possibility is shown at curve 3 in Fig. k.1-2
purely on an estimated basis regarding the shape of the corve. The

slowing down is the only certain feature, in that curve 3 of

L



Fig. b.1-2 must be to the right of curve 1 (no convection). If
convection were delayed until a concentration fraction of unity
was achieved at T = 7/4, information obtained at %; =0
from.the concentration overvoltage could provide no indication of
fhe read justment of the contour to the steady state shape of
curve B in Fig. 4.1-1. Curve 4 of Fig. 4.1-2 indicates this
behavior. There is, of course, no reason why, with sufficiently
weak density forces and large electrolyte viscosity, the concen=~
tration fraction of unity may be exceeded (except for the special
case of cathode limiting current density) and thus also & spresd-
ing beyond the steady state boundary layer thickness. The period
of adjustment of both concentration and distance to curve B of

Fig. 4.1-1 is shown as the estimnoted curve 5 in Fig. L4.1-2.

A further estimate is possible for the case in which the diffusion
veve is stopped at ;[ = 2 by the commencement of convection. If
diffusion alone were responsible for the readjustment from the
curve for T = 0.5 to curve B in Fig. 4.101, the dimensionless
time on the scale of Fig. L.1-1 for the approach to steady‘state
would be T =8. This results from a general rule in all diffu-
sion systems of finite extent and is related to the Einstein-

Smoluchowski expression for Browinian movement,

x* = adbt (4.1-10)

L1k
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In essence, the time required for a diffusing species to traverse
the distance from x = 2 5 to x = O as an average path should be
associated with the termination of the diffusion process as a
whole. This may be seen in Fig. 4.1-1 for the fixed é , linear
gradient case. However, for the T = 0.5 curve of Fig. h.1-1,
the sloving of concentration attainment beyond 0.8 would be accom-
plished by a nearly fully developed density change induced convec-
tion. No estimate is possible as to whether the combined convection
and diffusion effects could proceed much further than T = 8,
but this value should serve as a minimum time limit for steady
state. The approach to steady state in all cases is asymptotic

so that there is difficulty in exactly locating the terminal
behavior. The estimated curve 3 in Fig. 4.1-2 is drawn with T

= 8 as a limit. Note that the above reasoning implies a role for
convection in which it is delayed up to T = 0.5 and is then
practically fully established, leaving the task of contour read-
Jjustment to diffusion. Camparison of the behavior of actual
systems with the estimated curves shown in Fig. 4.1-2 should
afford some ihsight into the effect of convection in the overall
exact transient problem. A brief summary of Eq. 4.1-6 and 4.1-8

is given for various selected value of 7  in Table 4.1-1
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TABIE h.1-1
Coty = Co
C(&,oo) he Cb
Pre-existing by Pure Diffusion
T Egn. 4.1-8 Eqn. 4.1-6
.001 0.0357
. 005 0.0793
.01 0.1128
.05 0.2548
1 0.3568
.15 0.4370
.2 0.5041 0.5046
.3 0.6132 0.6180
4 0.6979 0.7136
.5 0.7639 0.7979
.6 0.8156 0.3740
T 0.8559 0.9L1.0
.8 0.8874 1.0092
-9 0.9120 1.0705
1.0 0.9312 1.123k
1.5 0.9800 1.3320
2.0 - 0.9542 1.5958
3.0 0.9995 1.95Mk
L-16
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Limitations

It is implicit in the present anzlysis that the diffusion coef-
ficient is independent of concentration and, for the thermal
analog, that the fluid thermal diffusivity is independent of

temperature.

Also, since Eq. 4.1-6 and 4.1-8 are based on linear diffusion,
due caution should be exercised in applying the present analysis
to natural convection systems near the leading edge of the elec-
trode (upper edge for vertical anode, lower edge for cathode)
vhere the greatest variation of the actual ) with distance

along the electrode is to be found.
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